The best gravitational lenses for detecting distant galaxies are those with the largest mass concentrations and the most advantageous configurations of that mass along the line of sight. Our new method for finding such gravitational telescopes uses optical data to identify projected concentrations of luminous red galaxies (LRGs). LRGs are biased tracers of the underlying mass distribution, so lines of sight with the highest total luminosity in LRGs are likely to contain the largest total mass. We apply this selection technique to the Sloan Digital Sky Survey and identify the 200 fields with the highest total LRG luminosities projected within a 3.
1. INTRODUCTION Gravitational lensing by galaxy clusters is an important tool for studying the high-redshift universe. Galaxies at redshifts 1 z 3 can be magnified into extended arcs, enabling studies of these sources at spatial resolutions beyond what is feasible in similar unlensed objects (e.g., Brammer et al. 2012; Frye et al. 2012; Livermore et al. 2012; Sharon et al. 2012; Yuan et al. 2012) . Lensing by foreground galaxy clusters can also magnify very high-redshift (z 7) sources into detectability, allowing us to measure their physical properties (e.g., Kneib et al. 2004; Pelló et al. 2004; Schaerer & Pelló 2005; Richard et al. 2006 Richard et al. , 2008 Stark et al. 2007; Bradley et al. 2008 Bradley et al. , 2012 Zheng et al. 2009 Zheng et al. , 2012 Laporte et al. 2011; Bouwens et al. 2012; Hall et al. 2012; Coe et al. 2013 ) and making them ideal targets for spectroscopic follow-up (e.g., Bradač et al. 2012) . Such studies are particularly important for characterizing objects on the faint end of the galaxy luminosity function at these redshifts, as even the deepest HST observations in blank fields require too large a time investment to probe to such depths.
The lensing power of foreground clusters depends on a variety of physical properties. The total mass of the cluster is very important, as the lensing strength depends on the surface mass density of the lens. Wong et al. (2012) found that distributing the mass among multiple cluster-scale halos along the line of sight (LOS) can increase the lensing cross section compared to having the same mass in a single rich cluster. This effect results from interactions among the multiple lens potentials, boosting the magnification in the field. Analysis of the Millennium (Springel et al. 2005) and Millennium XXL (Angulo et al. 2012) simulations shows that lines of sight with large total masses may contain multiple massive ( 10 14 M ⊙ ) halos and produce some of the highest lensing cross sections in the universe (K. D. French et al. 2013, in preparation) . Individual halo properties, including concentration, ellipticity, orientation, and redshift also affect lensing cross sections (e.g., Bartelmann et al. 1995; Meneghetti et al. 2003; Wong et al. 2012) .
State-of-the-art lensing analyses focus on fields identified by a single massive cluster (e.g., Postman et al. 2012) .
Even X-ray surveys (e.g., Böhringer et al. 2000; Vikhlinin et al. 2009 ) and Sunyaev & Zeldovich (SZ; 1972) effect surveys (e.g., Vanderlinde et al. 2010; Marriage et al. 2011; Williamson et al. 2011) for great lensing fields are biased toward lines of sight with a dominant cluster-scale halo because the signal is not proportional to projected mass. In other words, a line of sight with a single massive cluster looks identical in Xray or SZ observations to a similar cluster with additional smaller projected halos whose masses may not be sufficient to have a detectible hot X-ray gas component. In X-ray or SZ observations, the scaling of the signal with halo mass is faster than linear (e.g., Bonamente et al. 2008; Vikhlinin et al. 2009 ), so a line of sight with multiple structures will have a lower signal than if the same total mass were concentrated in a single cluster. Additional lower mass halos, which may not have detectable hot gas components, may be missed entirely in the field. Thus, these studies do not necessarily select for the largest total mass and/or the most advantageous mass configuration.
The gravitational lenses explored to date may not in fact be the best directions on the sky to look.
We explore a new optical selection technique to identify the best lines of sight (hereafter referred to as "beams") for gravitational lensing. By selecting fields that have the greatest total luminosity in luminous red galaxies (LRGs; e.g., Eisenstein et al. 2001) , which are biased tracers of the underlying matter distribution Li et al. 2006; Ho et al. 2009; White et al. 2011 ) and detectable to high redshifts, we are likely to find beams with the largest single massive halos (galaxy clusters) and with chance alignments of multiple group and clusterscale halos. This technique requires a wide-field multiband photometric dataset with accurate redshifts, photometric or spectroscopic. In essence, we are using fewer, but more biased, tracers of the mass along the LOS than methods like the Cluster Red Sequence technique (CRS; Gladders & Yee 2000) and the Gaussian Mixture Brightest Cluster Galaxy algorithm (GMBCG; Hao et al. 2009 Hao et al. , 2010 ) that exploit the relationship between halo mass and red galaxy counts within the halo ). Zitrin et al. (2012) derived mass models of clusters in the Hao et al. (2010) GMBCG sample, including some of the most powerful lenses (Einstein radius > 30 ′′ ). Like X-ray and SZ surveys, these approaches may not be sensitive to multiple projected halos, as smaller structures (i.e., poor clusters) may be hard to identify as galaxy overdensities in color-magnitude space. In contrast, even individual LRGs can be indicative of cluster-scale structures (Ho et al. 2009 ).
The Sloan Digital Sky Survey (SDSS), with its large sky coverage and photometric LRG selection out to z ∼ 0.7, is ideal for identifying the best lensing beams using LRGs. Most arc-producing lensing clusters are at intermediate redshift (0.3 z 0.8; Bartelmann et al. 1998; Gladders et al. 2003; Hennawi et al. 2007 ), although higher-redshift lensing clusters have been found (e.g., Huang et al. 2009; Gonzalez et al. 2012 ). The SDSS is deep enough to probe a volume-limited sample of very bright LRGs (M i − 5log 10 (h) −22.5) out to z ∼ 0.7. The 5-band optical photometry provides LRG selection, luminosities, colors, and photometric redshifts for over 10 6 galaxies (e.g., Padmanabhan et al. 2005 Padmanabhan et al. , 2007 Ross et al. 2011 ).
We present our beam selection method and apply it to the SDSS, identifying the 200 beams with the highest LRG luminosity concentrations and therefore likely to contain the largest total masses projected within a radius of 3.
′ 5. The LRG photometric redshift distributions show that many of these beams have multiple structures along the line of sight. Follow-up galaxy spectroscopy in the first fields selected using this method has revealed a diversity of structures, including chance alignments of multiple cluster-scale halos and total masses 2 × 10 15 h −1 M ⊙ (S. M. Ammons et al. 2013, in preparation) .
We describe our method of selecting massive beams in § 2. In § 3, we apply it to the SDSS, list the highestranked beams and their properties, and discuss applications of this method to future surveys. We summarize our main conclusions in § 4. Throughout this paper, we assume a ΛCDM cosmology with Ω m = 0.274, Ω Λ = 0.726, and H 0 = 100 h km s −1 Mpc −1 with h = 0.71. All magnitudes given are on the AB magnitude system (Oke & Gunn 1983) .
2. SELECTION OF MASSIVE BEAMS Our approach to selecting lines of sight with large total masses is based on using LRGs as indicators of massive halos. LRGs are strongly clustered and are biased tracers of massive structure (e.g., Zehavi et al. 2005; Li et al. 2006; Ho et al. 2009; White et al. 2011) . They are among the most luminous galaxies in optical light (L L * ; Ho et al. 2009 ) and thus are visible to large distances. LRGs show little variation in their SEDs (Eisenstein et al. 2003; Cool et al. 2008) , making them easy to identify through their optical colors in broadband imaging data. They have been surveyed over large regions of the sky, making them useful probes of the evolution of large scale structure over a cosmologically interesting volume (e.g. Eisenstein et al. 2001; Padmanabhan et al. 2005) . Projected concentrations of LRGs on the sky are therefore indicative of either an extremely rich galaxy cluster or a superposition of multiple group and cluster-scale halos, given that each individual LRG is likely to occupy an overdense region.
Our selection technique makes use of this relationship between LRGs and massive structures, identifying beams that have the highest total LRG luminosity. The stellar mass-to-light (M * /L) ratios of LRGs are strongly correlated with their rest-frame colors (Bell & de Jong 2001) , which, given their homogeneous SEDs, implies that they have similar M * /L ratios. Indeed, Kauffmann et al. (2003) find that the M * /L ratio of galaxies flattens at high luminosities with smaller scatter for redder restframe optical wavelengths, and that the most luminous galaxies have the highest M * /L ratios (see also Zaritsky et al. 2006) . As a result, the optical/near-IR luminosities of LRGs can be used to estimate their stellar masses.
Relating the LRG luminosity to the mass of its host halo is complicated by the relatively flat slope and substantial scatter of the stellar-tohalo mass (SHM) relation for halo masses above ∼ 10 12 M ⊙ (e.g., Mandelbaum et al. 2006; Yang et al. 2008; Conroy & Wechsler 2009; More et al. 2009; Behroozi et al. 2010 Behroozi et al. , 2012 Moster et al. 2010; Leauthaud et al. 2012) . While this scatter is smaller than for the luminosity to halo mass relation (e.g., Yang et al. 2008; Cacciato et al. 2009 ), stellar mass is still not a precise tracer of halo mass for individual massive galaxies above this threshold. There is a scaling between the mass and luminosity of a galaxy cluster (e.g., Lin et al. 2003 Lin et al. , 2006 Tinker et al. 2005; Cacciato et al. 2013a,b) , although central galaxies contribute fractionally less to the stellar mass for larger halo masses Gonzalez et al. 2007; Leauthaud et al. 2012; Lidman et al. 2012) , further suggesting that individual LRGs may not give a good estimate of halo mass. On the other hand, this effect should be mitigated when estimating the total mass in a particular field by integrating over all LRGs in the field and in redshift space. Furthermore, many of these galaxies are satellite galaxies of higher mass clusters, which increases the total LRG luminosity in the most massive halos (White et al. 2011; Behroozi et al. 2012) . Therefore, lines of sight containing high total LRG luminosities are likely to have large total masses, either distributed in multiple, projected cluster halos or dominated by a single massive cluster. The former configurations are more challenging to identify through other selection methods.
Simple number counts of LRGs also can be useful, as there is a relationship between number of LRGs and halo mass. However, the relation has large scatter for individual clusters (0.21 dex for M ∼ 10 15 M ⊙ clusters; Ho et al. 2009 ). Using total luminosity is likely to be a better tracer of total mass due to the SHM relation, despite its shallow slope at high masses. In addition, the small number of LRGs in clusters leads to large Poisson errors, whereas we are unlikely to miss the brightest galaxies that contribute the most to the total luminosity. We perform a simple test that demonstrates that using total LRG luminosity provides a better contrast to the field galaxy population than simple number counts (see Appendix A). For completeness, we list there the additional beams that would have been selected using number counts instead.
RESULTS & DISCUSSION
In this section, we apply our massive beam selection technique to the SDSS. The SDSS is currently the survey that has the best characteristics for our selection technique. The latest data release includes imaging of roughly a third of the sky in five optical broadband filters. The depth of the photometric observations is sufficient to detect and classify LRGs within 0.1 ≤ z ≤ 0.7 (Padmanabhan et al. 2005) , where we expect a large number of lensing clusters to lie. The SDSS also includes spectroscopic redshifts for roughly a third of the LRGs. We examine the LRG redshift distributions in a comparison sample of known lensing clusters, comparing these fields to the 200 best beams in the SDSS as ranked by their integrated LRG luminosity. Our top beams have higher total LRG luminosity and potentially more mass than even these known lensing clusters. Roughly 75% of our beams contain known galaxy clusters, confirming the power of our selection technique. We also discuss possible applications of this technique to current and future surveys.
Defining the LRG Sample
We select our sample of LRGs from the SDSS Data Release 9 (DR9; Ahn et al. 2012) . We identify LRGs using a modified version of the photometric selection criteria of Padmanabhan et al. (2005 Padmanabhan et al. ( , 2007 . The criteria consist of two separate cuts, denoted "Cut I" and "Cut II", which are designed to select LRGs at z 0.4 and z 0.4, respectively. The details of the LRG selection are given in Appendix B.
The photometric redshifts in the DR9 catalog are computed using the method in Csabai et al. (2003) . We limit our sample to LRGs at redshifts 0.1 ≤ z ≤ 0.7. At z 0.1, the Cut I criteria are too permissive, resulting in a large fraction of interlopers and causing biases in the photometric redshifts when compared to spectroscopic redshifts. At z 0.7, most objects are at the faint edge of our sample, resulting in larger photometric errors. We do not have enough spectroscopically observed objects to assess the quality of the photometric redshifts beyond this point. The contours enclose 68% and 95%, respectively, of the galaxies that appear in both samples, with the remaining objects plotted individually (grey points). The red lines represent the 1-to-1 line (solid) and the 5% (dashed) and 10% (dotted) deviations in ∆z/(1 + z). We plot all galaxies, but only calculate statistics for objects with 0.1 ≤ z phot ≤ 0.7, represented by the black dotted lines. We expect the most powerful lenses to lie within this redshift range. We exclude objects at redshifts z ≤ 0.1 due to biases in the photometric redshifts and the unfavorable lensing geometry. We exclude objects at z ≥ 0.7 due to large photometric errors and a lack of spectroscopically observed objects to assess directly the quality of the photometric redshifts. The number of objects, redshift accuracy, and fraction of outliers greater than 5% and 10% in |∆z|/(1 + z) are given in the top left corner. We find good agreement with the spectroscopic redshifts between 0.1 ≤ z phot ≤ 0.7, suggesting that our chosen redshift range is reasonable.
We find good agreement of the photometric redshifts with the DR9 spectroscopic redshifts between 0.1 ≤ z ≤ 0.7 (Figure 1) . We define the photometric redshift accuracy to be the normalized median absolute deviation, σ z /(1+z) ≡ 1.48×median(|∆z|/(1+z)). For objects with 0.1 ≤ z phot ≤ 0.7, we calculate σ z /(1 + z) = 0.017, with catastrophic outlier rates of 4.2% with |∆z|/(1 + z) > 0.05 and 0.3% with |∆z|/(1 + z) > 0.1. The photometric redshifts are unbiased to within ∆z/(1 + z) ≤ 0.01 for most of the redshift range probed. There is a slight bias at the ∆z/(1 + z) ≤ 0.02 level at 0.6 ≤ z ≤ 0.7, which affects less than 10% of our sample. The subsample of objects at the faint end of our magnitude range show the same behavior as the full sample and do not contain additional biases.
To improve the redshift accuracy of our sample, we replace the LRG photometric redshifts and errors with SDSS spectroscopic redshifts and errors where available, which is roughly for one-third of the LRG sample. The redshift uncertainties and outlier rates given in Figure 1 are thus upper limits. Hereafter, when referring to an LRG's redshift and its uncertainty, we mean the spectroscopic redshift when available and the photometric redshift otherwise.
In deriving the LRG luminosities, we account for K-corrections and luminosity evolution using an elliptical galaxy template generated by evolving a Bruzual & Charlot (2003) De Lucia et al. (2006) find that massive elliptical galaxies in dense environments have roughly solar metallicities and stellar populations with a median formation redshift of z ∼ 2.5 for M * 10 11 M ⊙ , with higher formation redshifts for more massive systems. Similar formation redshifts for massive ellipticals are supported by observational studies (e.g., van Dokkum & Stanford 2003; Treu et al. 2005a,b; Pérez-González et al. 2008) . There is evidence that massive early-type galaxies are well-characterized by a Salpeter (1955) initial mass function (e.g., Auger et al. 2010; Treu et al. 2010) or even more bottom-heavy IMFs (e.g., Cappellari et al. 2012; Spiniello et al. 2012; . Therefore, we generate the template SED assuming an instantaneous burst of star formation at z = 3 with a Salpeter IMF and solar metallicity.
We perform K-corrections using the template SED at the age of the galaxy at its observed redshift, and the model is then passively evolved to z = 0. All galaxy luminosities are normalized to z = 0 quantities to ensure a fair comparison of their luminosities. We use a single model instead of fitting templates to the observed photometry (e.g., Eisenstein et al. 2001) , as LRGs are typically red, quiescent galaxies with little recent star formation and very homogeneous SEDs (Eisenstein et al. 2003; Cool et al. 2008) . Furthermore, we are interested in corrections to the rest-frame i-band, which for the template fitting method can only be determined beyond z ∼ 0.2 by extrapolating the fits to redder rest-frame wavelengths than are covered by the SDSS photometry. We choose the i-band because it is less affected by extinction and tends to trace stellar mass, and thus total mass, better than bluer filters as a result of being less sensitive to recent star formation.
We also only include objects with derived absolute magnitudes within the broad range −24.7 < M i − 5log 10 (h) < −21 to eliminate objects with spurious photometric redshifts or aberrant inferred luminosities, while retaining the most luminous LRGs. We visually inspect objects at the bright end of this range to ensure that we include the brightest LRGs in our sample. Our final sample contains 1,151,117 LRGs, of which 361,438 have spectroscopic redshifts.
Characteristics of the LRG Sample
Here, we investigate the properties of our final SDSS LRG sample. The redshift and i-band luminosity (after accounting for K-corrections and luminosity evolution) distributions of our sample are shown in Figure 2 .
In the left panel of Figure 2 , the spike in the LRG redshift histogram at z ∼ 0.35 and trough at z ∼ 0.4 arise from the combination of several effects. z ∼ 0.35 is roughly the redshift at which the 4304Å G-band absorption feature is redshifted into the SDSS r-band, which can masquerade as the 4000Å break in color-redshift space. As a result, the photometric selection criteria select an excess of galaxies around this redshift. This bias also affects our spectroscopic subsample and in spectroscopic LRG samples with similar photometric selection criteria (e.g., Zehavi et al. 2005) . Secondly, the transition between galaxies selected by the Cut I and Cut II criteria is roughly at z ∼ 0.4. Cut I has an apparent magnitude cut at r < 19.7, whereas Cut II has a cut at i < 20. This results in a sharp decrease in the number of Cut I-selected LRGs around z ∼ 0.4 because we hit the r < 19.7 magnitude limit. Meanwhile, Cut II, while probing fainter objects, is optimized to select LRGs at z ∼ 0.5 and is less efficient at z ∼ 0.4. This results in a deficit of LRGs around z ∼ 0.4, accentuating the z ∼ 0.35 peak.
In addition to these selection effects, there is a small photometric redshift bias in the range 0.3 z 0.4 at the |∆z|/(1 + z) < 0.01 level that pulls galaxies toward z ∼ 0.35, despite the fact that the photometric redshifts remain unbiased overall. The spectroscopic LRG subsample is not affected by this problem. Around this redshift, LRGs transition nearly orthogonally in colorcolor space, leading to a degeneracy that makes the photometric redshifts less precise, as was also noted by Padmanabhan et al. (2005) . This bias, while still small, conspires with the other effects to "sharpen" the spike at z ∼ 0.35, which was already present due to the selection effects discussed above. This feature is not in the photometric redshift distribution of the Padmanabhan et al. (2005) LRG sample due to known biases in their photometric redshifts that drive some objects with true redshifts near z ∼ 0.35 to photometric redshifts of z ∼ 0.4, smoothing out the feature. For ∼ 62% of the galaxies with photometric redshifts in the range 0.3 ≤ z ≤ 0.4 and a measured spectroscopic redshift, the absolute difference between the photometric and spectroscopic redshift is smaller than the photometric redshift error given in the SDSS catalog.
In Figure 3 , we plot the distribution of LRG absolute i-band magnitudes as a function of redshift. The redshift axis has been rescaled so that it is linear in the enclosed comoving volume within a survey area of π steradians. The sharp edge at the lower right where LRG selection is truncated represents the apparent magnitude cut at i < 20 for the Cut II objects. The sharpness of this cutoff is due to our single-model method of handling K-corrections and luminosity evolution. Applying a template-fitting method to the observed photometry (e.g., Eisenstein et al. 2001) would result in scatter about this cutoff. The "sawtooth" feature at z ∼ 0.4, which is also in the LRG redshift-luminosity distribution of Padmanabhan et al. (2007) , results from the r < 19.7 apparent magnitude cut for the Cut I objects and corresponds to the trough in the redshift distribution (see Figure 2 ). This visualization shows that our LRG selection is approximately volume-limited out to z = 0.4 for M i − 5log 10 (h) −21 and to our upper redshift limit of z = 0.7 for M i − 5log 10 (h) −22.5, with the caveat that our selection is less efficient around z ∼ 0.4.
LRG Properties of Known Lensing Cluster Fields
We examine the LRG properties of a sample of known strong lensing clusters from Hennawi et al. (2008) and the Cluster Lensing and Supernova Survey with Hubble (CLASH; Postman et al. 2012 ) that lie within our chosen redshift range and overlap the sky coverage of our SDSS LRG sample. Our goal is to identify the best lensing fields using our new selection technique, and this set of known lensing clusters provides a calibration to which we can compare the LRG properties of our new beams ( § 3.4). If our beams have more total LRG luminosity (∼mass) than known strong lenses, as well as multiple lensing planes in some cases, it is likely that they comprise a better sample of strong lenses. Hennawi et al. (2008) select their sample from the SDSS using the CRS selection method to identify clusters between 0.1 z 0.6. We only use those systems labeled by Hennawi et al. (2008) as "definite" or "tentative" lensing clusters from visual identification of lensed arcs. The CLASH sample is a mostly X-ray selected sample of 20 massive clusters with an additional five known lensing clusters. Abell 2261 is in both samples, but we treat it as a part of the CLASH sample here.
We identify LRGs in these fields within an aperture of 3.
′ 5 (as we do for our SDSS beams in § 3.4) and show their redshift distributions in Figure 4 . In many fields, even the massive lensing cluster is marked by only a few LRGs. By selecting beams from SDSS that have a larger total luminosity in LRGs than these fields, we maximize the chance of finding mass concentrations that can act as powerful lenses. While these comparison fields tend to be single mass concentrations, several show non-negligible mass concentrations projected along the line of sight that are unassociated with the main cluster. Thus, the lens modeling of these known clusters should account for LOS mass concentrations. Such effects have not been explicitly treated in most past analyses, but can influence the inferred mass model (e.g., Hoekstra et al. 2011 ).
Selection of SDSS Beams
To find beams with high total LRG luminosity, we search a fixed angular radius around each LRG in our sample. In principle, this selection can be performed with an arbitrary search radius. For our search, we choose an aperture of radius 3.
′ 5. Chance projections of the most massive clusters (∼ 10 15 M ⊙ ) tend to benefit from interactions among their lens potentials (Wong et al. 2012) , even in regions beyond their Einstein radii. In particular, the boost at intermediate magnifications (µ ∼ 3−10) due to lensing interactions at larger radii is critical in increasing the detectability of very high-redshift lensed galaxies. Beyond 3.5', the strength of these interactions fall off to the point where the halos can be treated as independent lensing fields. Furthermore, typical ground-based near-infrared detectors that are well suited for follow-up observations of lensed high-redshift galaxies have fields of view roughly this size or larger.
For each beam centered on an LRG, we tabulate the total number of LRGs within the aperture, as well as the integrated rest-frame i-band luminosity of those LRGs as a proxy for total mass in the beam. We rank all the beams centered on an LRG in descending order by the total LRG luminosity in the beam. Overlapping beams containing the same LRGs but that are centered on different LRGs are further ranked by the luminosity of the LRG at the beam center. This choice makes it more likely that in beams with single dominant clusters, we select the central galaxy, which is often the most luminous , though not always (e.g., von der Linden et al. 2007; Coziol et al. 2009; Skibba et al. 2011; Hikage et al. 2012) . Starting from the beam with the highest total luminosity and moving down this ranked list, we construct our list of top beams. If a beam is centered on an LRG that has already been included as part of a previous beam, we skip over that beam, but allow LRGs within it to be counted in beams further down the list. This method makes it possible for an LRG to be part of multiple beams, but minimizes overlap among beams in dense regions. There will always be some beams adjacent to or overlapping one another whose centers are separated by slightly more than the selection radius. While these beams could be counted as a single field for follow-up purposes, we count them as separate beams for consistency. In our final catalog of the top 200 beams, there are 28 that overlap another beam in the top 200.
This method can find beams containing dense concentrations of LRGs (e.g., clusters), but may not necessarily be centered on a cluster center. This can occur if an LRG in the outer parts of a cluster has other LRGs within 3.
′ 5 of it that are not within 3.
′ 5 of the more central LRGs of that cluster. This is not a flaw in the methodology as we are not specifically looking for fields centered on a single dense cluster. Rather, our selection is more likely to find lines of sight containing multiple mass concentrations. We do not account for the boundaries of the survey region when performing our beam selection. This is conservative because we can only underestimate the total luminosity of LRGs in a given field by ignoring these edge effects.
We compare the total luminosity and total number of LRGs in our full sample of beams to that of the comparison sample of lensing clusters from Hennawi et al. (2008) and CLASH in Figure 5 . Both the Hennawi et al. (2008) and CLASH samples tend to have lower total LRG luminosity and number counts compared to the SDSS beams, suggesting that our beams at the extreme tail of these distributions contain larger total masses.
We present a list of the 200 best beams as ranked by their total LRG luminosity in Table 1 . We choose a sample size of 200 because this is roughly the beam rank above which our beams exceed the total LRG luminosities of massive lensing clusters. These top 200 beams have total LRG luminosities 2 − 3 times greater than the average total LRG luminosity of the comparison sample. We do recover five of the Hennawi/CLASH clusters in our sample, although our beams may be centered on different coordinates that include more LRGs in the field. We find that ∼ 60% of our selected beams overlap with the top 200 beams selected by LRG number counts. For completeness, we provide a separate list of beams in Appendix A that would have been in the top 200 (or had an equal number of LRGs to beams in our top 200) if we had chosen to sort by LRG number counts instead. The redshift distributions of the LRGs in the top 200 beams are shown in Figure 6 . The beams show a wide diversity of configurations, including beams dominated by a single massive peak, as well as beams with multiple structures along the line of sight. The latter configurations indicate chance alignments of galaxy clusters or groups in these fields, which can lead to advantageous lensing configurations for magnifying very high-redshift (z 7) galaxies (Wong et al. 2012) . Even single LRGs can trace massive lensing clusters (see Figure 4) .
We show color images of our top 20 beams in Figure 7 to give a sense of the nature of these fields. The images are taken from the SDSS DR9 SkyServer 6 and show 7 ′ ×7 ′ fields centered on the coordinates of each beam to roughly match our circular selection aperture. The contours overplotted on the images trace the projected galaxy overdensities as determined from the full catalog of primary SDSS photometric galaxies brighter than r = 22. The contours generally trace the LRGs, confirming that the LRGs mark the densest structures in these fields. Like the redshift distributions of these beams, the angular distributions show a large diversity. Some beams are dominated by a single concentration of galaxies, whereas others have multiple clumps projected on the sky.
We perform a search in the NASA/IPAC Extragalactic Database (NED) for galaxy clusters that have been identified by past studies within our selected beams. We find that 22.5% of our beams contain one known cluster, and 56.0% contain multiple clusters, confirming the high mass concentrations projected along these lines of sight. We list the number of known clusters in each beam in Table 1 and present a list of these clusters in Appendix C.
We visually inspect the SDSS SkyServer images of each of our top 200 fields. The majority show large concentrations of spheroidal galaxies indicative of cluster-scale structures. The other beams could be chance alignments of smaller group-scale halos, or could contain a number of misclassified objects masquerading as LRGs. While we have limited the number of misclassifications with our selection cuts (see Appendix B), there are inevitably a small fraction of objects that contaminate our LRG catalog. We will describe the first results from our spectroscopic follow-up survey of several of these beams in S. M. Ammons et al. (2013, in preparation) .
Possible Errors in Beam Selection
We use a Monte Carlo method to calculate the uncertainty on the total LRG luminosity of each of our top beams. We begin by searching the SDSS DR9 for all primary photometric objects classified as galaxies within our beams. Objects fainter than r = 22 are removed, as this is roughly where the morphological star/galaxy separation breaks down 7 . We replace the photometric redshift and its associated error with a spectroscopic redshift and error where available.
For each beam, we apply Gaussian errors to the quantities defined in our LRG selection criteria (e.g. apparent magnitude, redshift; see Appendix B) over 1000 Monte Carlo trials. For a given trial, we re-determine which galaxies in the beam satisfy the selection criteria and 6 http://skyserver.sdss3.org/dr9/ 7 See www.sdss3.org/dr9/imaging/other info.php#stargalaxy compute the total LRG luminosity. The final distribution of 1000 total LRG luminosities for each beam therefore accounts for both the intrinsic errors in the galaxy properties themselves, as well as galaxies falling into or out of the LRG selection cuts. Because the resulting luminosity distributions are non-Gaussian in general, we report median values in Table 1 . The error bars associated with these median values correspond to the 16% and 84% quantiles of the distribution for each beam. In Figure 8 , we plot the observed total luminosity for each beam, along with the median of the Monte Carlo trials with the associated error range.
In general, the medians of the luminosity distributions generated through the Monte Carlo trials tend to be lower than the observed values. This is expected, because these beams were selected to be the top-ranked beams by total LRG luminosity. Given the scatter in the total luminosity, the selected beams are likely those that are among the best and also happen to scatter upwards in observed total LRG luminosity. Also, while this scatter affects the detailed beam rankings relative to the "true" rankings, Figure 8 shows that even among the top 200, there is a noticeable decrease in the median integrated LRG luminosity when ordered by the observed values, indicating that the observed values reliably rank the beams. One may also suspect that our top beams are biased toward low mass-to-light (M/L) ratios. For the initial beams that we have followed-up spectroscopically (S. M. Ammons et al. 2013 , in preparation), we compare their M/L ratios to those of a sample of our comparison lensing clusters ( § 3.3) using virial masses from the literature (Mantz et al. 2010; Zitrin et al. 2011; Coe et al. 2012) . We find that our beams have roughly comparable M/L ratios, suggesting that a potential bias in M/L is not a dominant effect.
We show the 20-beam central moving average of the median total LRG luminosities of the Monte Carlo trials in Figure 8 . While the values trend downward with beam rank as expected, the steepness of the trend noticeably decreases after the first 20 − 30 beams. To test the robustness of our selected beams, we calculate statistics for a larger sample of the top 1000 beams. When re-ranked by the median total LRG luminosities over 200 trials per beam, ∼ 70 − 75% of the beams within the top N beams, where N ≤ 200, remain within the top N beams. Only five of the top 200 beams fall out of the top 400 when reranked in this manner. Thus, most of the top 200 beams are robust to these measurement uncertainties.
As a result of the flux-limited nature of our sample (see Figure 3) , the reported LRG luminosities in our beams are probably biased low given that we are not as sensitive to lower-luminosity LRGs at higher redshifts (z 0.4). Furthermore, galaxies at higher redshifts that could otherwise scatter into the LRG selection cuts are likely to have larger magnitude errors due to their faintness, which can exclude them from being classified as LRGs based on the r-band magnitude error cut (see Appendix B). Thus, these biases potentially affect beams with high-redshift structures more than ones with the bulk of LRGs at lower redshift.
Potential Applications to Other Surveys
Our selection method can be applied not just to current surveys like the SDSS, but also to other ongoing Figure 4 , but for our top 200 beams as ranked by total LRG luminosity. Our beams contain many more LRGs than the majority of the comparison sample of Hennawi and CLASH lensing clusters. Five of the Hennawi/CLASH clusters are recovered here (although our beams may be centered at different coordinates that include more LRGs). Our beams show a diversity of configurations, with some beams dominated by a single massive structure and others having multiple structures distributed throughout redshift space. Even single LRGs can trace massive lensing clusters (see Figure 4) . and planned wide-area photometric and spectroscopic surveys. Ideally, we want a deeper survey than SDSS to probe a volume-limited sample of LRGs to higher redshift (z ∼ 1) so as to include any cluster-scale lenses at 0.7 z 1. However, any further observing time would be better utilized by expanding the survey area rather than going much deeper in redshift, as the number density of massive cluster-scale halos is decreasing at higher redshift (e.g., Tinker et al. 2008 ) and the lensing geometry for magnifying z ≥ 7 galaxies is becoming unfavorable.
Surveys with goals that include detection of weak gravitational lensing, with their wide field of view, deep accurate multi-band photometry (particularly for cosmic magnification/convergence studies, e.g., Van Waerbeke et al. 2010; Hildebrandt et al. 2011; Ford et al. 2012) , and accurate photometric redshifts, are promising for our selection method. Telescope (LSST), will probe large areas of the sky to unprecedented depths and thus produce excellent datasets for our method. Space-based missions such as Euclid (Laureijs et al. 2011 ) and the Wide-Field Infrared Survey Telescope (WFIRST) will generate deep high-resolution photometry over a large fraction of the sky.
Spectroscopic surveys have the advantage of more robust LRG selection and more accurate redshifts (and therefore luminosities). A spectroscopic survey with sufficient resolution can also provide information on the physical clustering of the LRGs, which can lead to higherorder estimates of the underlying matter distribution. Because LRGs are ideal targets for studies of the baryon acoustic oscillation (BAO) feature (e.g., Eisenstein et al. 2005) , the goals of BAO surveys match up well with searches for massive beams using our selection method. Spectra from the ongoing Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al. 2013) , a fraction of which are included in the DR9 sample used here, will provide deep spectroscopic data across large areas of the sky and specifically target LRGs. The upcoming Big Baryon Oscillation Spectroscopic Survey (BigBOSS) will also achieve these goals and probe to deeper redshifts.
CONCLUSIONS
We present a new method of selecting lines of sight ("beams") that contain large total masses and are likely to be the most powerful gravitational lenses for magnifying very high-redshift galaxies. These fields are important for studying the first galaxies, as their extreme lensing strengths can magnify the background source population into detectability. We select fields based on the total luminosity in luminous red galaxies (LRGs; e.g., Eisenstein et al. 2001 ) along the line of sight.
We identify the 200 lines of sight in the SDSS DR9 that have the highest total LRG luminosities projected within a radius of 3. ′ 5 and within 0.1 ≤ z ≤ 0.7, a key redshift range for lensing high-redshift galaxies. The total luminosities of LRGs in these fields (∼ 10 11.85 −10 12.1 h −2 L ⊙ ), which can include 4 − 18 total LRGs, are 2 − 3 times larger than those of most known strong lensing galaxy clusters from the Hennawi et al. (2008) and CLASH (Postman et al. 2012) surveys, suggesting that they contain larger total masses. In those beams with multiple LRG peaks in redshift space, those peaks can be individually as rich as known lensing clusters, which may only be traced by a few LRGs.
The distribution of LRGs in these fields, both along the line-of-sight and in projection on the sky, show a diversity of structure. The LRGs trace both the redshift and angular concentrations of non-LRG galaxies. Some beams are dominated by a single mass peak, while others contain multiple mass peaks distributed along the line of sight, which can maximize the source plane area that is highly magnified for the purpose of detecting highredshift galaxies (Wong et al. 2012) . Visual inspection of the fields reveals many beams with obvious galaxy clusters, confirming that the LRGs do trace dense structures. 22.5% of the top 200 beams contain one known cluster and 56.0% contain multiple known clusters previously identified in the literature. The rest of the beams may contain new groups and clusters.
Our analysis of the uncertainties in the integrated LRG luminosities of these beams shows that while the detailed rankings are susceptible to fluctuations, the top 200 beams generally comprise fields that have large concentrations of massive galaxies. 70 − 75% of the beams remain in the top 200 when an extended sample of the top 1000 beams is sorted by the median LRG luminosity derived by our Monte Carlo error analysis, which accounts for uncertainties in the individual LRG luminosities and for galaxies falling into or out of our selection criteria.
Our follow-up galaxy spectroscopy in a subset of these beams has revealed multiple massive halos and large total masses ( 2 × 10 15 h −1 M ⊙ ), confirming the power of using LRGs as tracers of massive structure (S. M. Ammons et al. 2013, in preparation) . We are modeling the mass distributions in these beams from the spectroscopy alone, but will eventually combine that analysis with a strong lensing analysis of the arcs detected in these fields. The large total masses and multiple projected massive clusters make these beams likely to be among the best gravitational lenses known. Future science applications include the detection of faint lensed z ≥ 7 galaxies that can be followed-up spectroscopically, high spatial resolution studies of strongly lensed galaxies at z ∼ 1 − 3, weak lensing studies, and improved detections of γ−ray sources and supernovae at cosmological distances.
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SORTING BY NUMBER OF LRGS VS TOTAL LRG LUMINOSITY
In selecting beams likely to contain large total masses as traced by LRGs, we choose to use total LRG luminosity rather than simple number counts, despite the fact that there are additional uncertainties associated with this method. This choice arises from the expectation that LRG luminosity traces stellar mass, which is related to halo mass. While there have not been quantitative studies of the relationship between halo mass and total LRG luminosity at the halo masses we are interested in, we run a simple test here to see whether total LRG luminosity or number counts in galaxy clusters provides a better contrast relative to the field population, i.e., a stronger measure of overdensity. We can then invoke the known relationship between halo mass and LRG number counts (Ho et al. 2009 ) to suggest that either total LRG luminosity or number counts is a better tracer of halo mass. We use early-type galaxy luminosity functions to compare the expected galaxy luminosity and number counts in beams containing a massive cluster and field galaxies to beams with field galaxies alone.
Adopting the i-band luminosity function (LF) of Bernardi et al. (2003) to represent the field population of LRGs, we calculate the number of galaxies within 0.1 ≤ z ≤ 0.7 and brighter than M i − 5log 10 (h) ≤ −21 expected in a circular field of view of radius 3.
′ 5. We then take the cluster galaxy i-band luminosity function of Popesso et al. (2005) to represent the population of LRGs in clusters. We use the Popesso et al. (2005) LF constraints for a cluster-centric radius r ≤ 2.0 h −1 Mpc with local background subtraction, although our results are qualitatively similar using their results for different cluster-centric radii. We combine the Popesso et al. (2005) bright-end and faint-end components into a single LF, although in practice, the faint-end component contributes very little at the luminosities we are interested in. Both the field and cluster samples are based on z < 0.3 LFs from SDSS data, so evolution in the LF is not taken into account, but both the field and cluster galaxy LFs will have smaller normalizations at higher redshifts.
We integrate the cluster LF down to the chosen limiting magnitude to determine a normalization factor, then normalize the cluster LF for a range of cluster richness, defined as the number of LRGs in the cluster. Since the Popesso et al. (2005) analysis ignored the contribution of the brightest cluster galaxy (BCG) when computing the LF, we add its contribution separately. We identify the luminosity at which the integrated LF is equal to one galaxy and double the differential number counts in the LF bins brighter than that luminosity. This effectively modifies the integral of the LF such that there is one additional galaxy in the cluster with the same average luminosity as its brightest (non-BCG) member. This is conservative in the sense that we will underestimate the luminosity of the BCG since there is a known magnitude gap between the two brightest galaxies in clusters (e.g., More 2012) .
For a range of cluster richness, we compare number counts and total luminosity for the field plus cluster to those for the field alone. We define the number of LRGs in the field to be
where R is the beam radius, c/H(z) is the Hubble distance at redshift z, D A is angular diameter distance, and φ f ield (L) is the luminosity function for the field. The total luminosity for galaxies in the field is then given by
For the cluster galaxies, we define N cluster to be the number of non-BCG galaxies in the cluster. The total cluster richness is therefore N cluster + 1, and the total luminosity of the cluster galaxies as a function of richness is
where φ cluster (L) is the luminosity function for the cluster with arbitrary normalization. The factor of N cluster / ∞ Lmin φ cluster (L)dL serves to normalize the total luminosity for the given richness. The 1 + H(L − L BCG ) term, where H is the Heaviside step function, accounts for the luminosity of the BCG. L BCG is determined by solving the equation
for L BCG . Note that the arbitrary normalization of the cluster LF cancels on both sides of Equation A4.
We assume R = 3. ′ 5, z min = 0.1, z max = 0.7, and test a range of luminosity cuts from −22.5 ≤ M min − 5log 10 (h) ≤ −21, where M min = −2.5log 10 (L min /L ⊙ ). We then define the "richness contrast" to be
and the "luminosity contrast" to be
These contrasts represent the relative LRG number and luminosity, respectively, of a beam containing a cluster and field galaxies to a beam containing field galaxies alone. In general, while both richness and total luminosity are strongly correlated, the luminosity contrast is stronger than the number contrast, increasing with greater cluster richness. As an example, for a richness of N cluster + 1 = 12 and L min corresponding to a limiting magnitude of M i − 5log 10 (h) = −21, C L is 16% greater than C N . Reid & Spergel (2009) find the LRG occupation number for 10 15 M ⊙ halos to be ∼ 3 − 5 LRGs, although their LRG selection was limited to more luminous LRGs than our sample. We test a range of limiting absolute magnitudes, −21 ≤ M i − 5log 10 (h) ≤ −22.5, and find that the contrast for both methods becomes much greater for brighter limiting magnitudes.
For this test, we attempt to be conservative where possible. The magnitude gap for BCGs, which we ignore, would favor the luminosity method more by increasing the cluster luminosity. The field early-type LF is based on morphological+spectral PCA criteria, and almost certainly includes more galaxies than would pass our LRG selection criteria. This effect serves to reduce both contrasts, but given our finding that the luminosity contrast is stronger than the richness contrast, the luminosity contrast will be more strongly affected.
In Table 2 , we list the 3. ′ 5-radius beams containing ≥ 11 LRGs that do not overlap with the top 200 luminosity-sorted beams in Table 1 . We present these beams for completeness, as these beams would have been in the top 200 (or had an equal number of LRGs to beams in our top 200) if we had chosen to sort by LRG number counts instead. a Total integrated rest-frame i-band luminosity in LRGs. 
B. SDSS LRG SELECTION CRITERIA
In this Appendix, we explain our LRG catalog selection criteria. We base our selection of SDSS DR9 LRGs on the criteria originally defined in Padmanabhan et al. (2005) , with some minor modifications. The LRG selection uses two separate selection criteria (denoted "Cut I" and "Cut II" for the z 0.4 and z 0.4 samples, respectively) to define the full sample. The SQL queries for the two cuts are given in Figures 9 and 10 . The two cuts are not mutually exclusive, so we remove duplicate objects after combining the two samples into a single catalog.
We modify the original LRG selection criteria, which selected LRGs for clustering studies that had different requirements than our applications. We add cuts to exclude fields with poor quality or that have an effective r-band PSF width ≥ 2 ′′ , indicating poor seeing. We remove objects with r-band extinction ≥ 0.2 or r-band magnitude errors ≥ 0.2, as we are less confident in these objects' absolute magnitudes (N. Padmanabhan, private communication) . We reduce the galactic latitude criterion from b ≤ 45
• to b ≤ 30
• , which strikes a balance between excluding fields with a high-density of stars that could complicate follow-up observations and including as much survey area as possible. This cut eliminates less than 20% of the total sky coverage of DR9. The rest of our color and photometric flag cuts remove most spurious stellar contaminants. The photometry flags are standard quality cuts to remove spurious objects (A. Ross, private communication) . Based on a visual inspection of subsets of objects in our sample, we also cut objects with the "subtracted" or "deblended as psf" flags set, which removes < 1% of our sample but cuts out objects contaminated by a nearby bright star. We also cut objects with the "deblend pruned" flag set, which removes a tiny fraction (< 100 objects) of our sample with apparent blending issues. We use similar criteria to get the spectroscopic sample of LRGs, requiring in addition that the "zwarning" flag is zero and the redshift error is < 10 −3 . We then match the spectroscopic and photometric samples, replacing the photometric redshift and its error with the spectroscopic redshift and error where applicable. We apply cuts on the object redshift only after combining the catalogs, as an object with a photometric redshift outside of our target redshift range (0.1 ≤ z ≤ 0.7) may have a spectroscopic redshift within that range.
We then calculate absolute magnitudes for the LRGs, accounting for K-corrections and passive evolution, and apply our absolute i-band magnitude cut. We extend the original Padmanabhan et al. (2005) absolute magnitude cut (−21 < M i − 5log 10 (h) < −24) to include more luminous galaxies up to −24.7 based on visual inspection. While extending this cut does introduce contaminants, it also includes the most luminous LRGs, which contribute the most to the total luminosity of a beam. We check through visual inspection that these contaminants do not affect our top 200 beams.
C. KNOWN CLUSTERS IN TOP 200 BEAMS
We present the list of known clusters in our top 200 beams in Table 3 . These clusters were identified in a search of the NASA/IPAC Extragalactic Database 8 (NED) as galaxy clusters within 3. ′ 5 of our beam centers 9 . The clusters in each beam are ordered by angular offset from the beam center. 
